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1Research

lntrodgction

The present development of gamma-irradiation techniques a~ a pr~ mising m~thod of food preservation requires
e laboration of a ppropnate trade control for detection of
irrad iated foodstuffs. Currently instrumental methods are
requ!red for s ~ c h control. T he necessity ofrecogni tio n of the
phys1co-chem1ca l changes occurring after gamma-irradia~ion and es tim ation of the applicability of the part icul ar
mstrume ntal me th ods to check irradia ted foodstuffs are
closely re lated to these requi rements.
Our previous papers [2, 4] presented resu lts of investigatio ns of ga mm a-ray irradiated potato sta rch us ing smallangle X-ray scatteri ng (SAXS). Reflectio ns have bee n·
o bserved co rres ponding to an interspacia l distance d :! 10
nm co nnec ted with a n occurrence of long-range ord ering in
starch gra nules (ordered distribut io n of polysacchar ide
macro molecules). It has been discovered th at ga mma-irradi atio n ca uses ~es tr uc tion of such orderi ng, as a result of
starch degrada ti on. The efficie ncy of the process is differe nt
in dried_pre parations th~n in their water suspensions (4}.
It IS th erefore adVJsable to ca rry o ut similar experiments for different ki ~ d s of cereal products and for potato
flour. It has bee n pomted out that th e diffractograms of
these products are likely to differ from diffractograms of
pure ~ t a r e ~ ?ue to the ~resence of other components (i.e.,
protems, hp1ds, fatty ac1ds, saccharides, water) and due to
the grinding process being ca rried out. T he additional co mpo~ents are ca pable ~f affecting the co urse of starch degradation processoccurrmg und er gamma-irradiation [6, 7] and
thereby to chang_e the_e~p er!mental res ults obtained using
SAXS. Gamma- Jrrad1at10n JS ab le to modify th ese compone nts, (e.g., proteins [5, 7]).
It has been observed that water suspensions of starch
g_row dark during irradiation and th at yellow water suspenSIOns result whe n prepared from irradiated starch sa mp les.
This phe nomenon seems to be ca used by the rearrangement
?f th ~ residual proteins. Similarily, starch sa mples, gammaIrradiated a nd the n heated at the te mpera tures as high as
100°C turn yell ow, while unirrad iated sa mples remain white. Therefore, we have investigated the ability of SAXS
method to de tect changes caused by ga mma-irradiation in
hea t treated foodstuffs containing starch.
In th is work results are presented of th e SAXS method
applied to va rious co mmercial flours (wheat flo ur, rye flo ur,
P? tato fl our) and flaked oa ts - untreated and gamma-irrad13ted- as well as for potato powd er prepared under similar
conditions from unirradiated and irradi ated potatoes. Irra-

Commercial samples of wheat, rye and potato flour
and fla ked oa ts, as well as ground flaked oats and fres h
potatoes were gamma-irrad iated (20 or 30 kGy dose). The
products and appropriate control samples were inves tigated
by small-angle X-ray sca ttering (SAXS) in the range of 28
from 0.357 to 6.46 degree (CuKa radiation). The results were
co mpared with those obta ined for pure potato starch. Effects o f grinding and hea ting at 100° Con SAXS resu lts were
also exa min ed.
Different scattering curves were obtained for var ious

unirrad iated products. Re fl ections derived from starch were
de tected for some uni rradiated :ls well as irrad iated products. A reflection connected with long-range ordering in

sta rch (co rres ponding to th e distance d =: 10 nm)was observed for potato, wheat, rye flou r a nd potato powde r. A reflection correspondi ng to the distanced
1.6 nm (du e to
short-ra nge ordering) was observed in the cases of pota to
flour and potato powder. Co mparison of diffractogra ms of
ga mma- irradiated a nd un irrad iated products, have revea led
changes of th e reflection corres ponding to d 10 nm inte nsity and elevation of sca tt ering curves, connected with cha nges of long-range ordering in starch gra nules. The effect of
gamma-irradiation on long-range ordering in starch was a lso
observed aft er heating of starch at 100°C. Heating at l00°C
?Swell as gri nding, ca use diminuti on of long-range ordering
m sta rch gra nul es.
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diation doses of20 kGy or 30 kGy were applied. Th e effects
of grinding and heating at 100°C on the results obta ined by
the SAXS meth od have also been investigated.
Exneri mental
Preparations of the samples
Co mm ercial potato flour (PF), wheat tl o ur (WF), rye
flour (RF), and tlaked oats /commercial (FO) as we ll as
powdered oats (GFO; ground in a mortar for 0.5 h. )/ were
gamma-irradiated applying a 30 kGy dose.
Two sa mples of potato powder were prepared from
potato of Fauna type, harvested in 1988 a nd kept at 4°C.
Sample P2 was prepared from potatoes (10 tubers) irradiated in April1989 using 20 kGy dose. After irradiatio n th e
potatoes were grated, dried at 30°C for 5 days and powdered
in a mortar for 0.5 h. Sirnultanously a reference sam ple (Pl )
was prepared from unirradiated potatoes.
A sample of starch (Sl ) was extracted from potatoes
of Fauna type in Agril1989 (from potatoes h arvested in
1988 and kept at 4 C) and dried at 60°C for 18 h.. Part of
sample Sl was ground in a mortar for 15 min. The ot her part
of sa mpl e S1 was irradiated applying a 20 kGy dose. Afterwards, a part of the initial sample Sl and irradiated product
were heated at 100°C for 70 h.
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Fig. 1. Scattering curves recorded in the full measuring
range for: potato starch S 1), potato flour (PF), white flour
(WF), and rye flour (RF). The background levels of the
curves recorded for samples Sl and PF are shifted relatively
to the background level of the curves recorded for samples
WF and RF.

J.uadi.ali.an
Irradi atio ns were carried out at ambient temperature
gamma ce ll "Issledovatiel" having an activity of 3 kCi
Co. Commercial flour (potato, wheat, rye fl o ur), as well
as commercial and ground flaked oats (FO and GFO sa mples) were irradiated at a dose rate of 10 kGy per h .. For
irradiation of potatoes and starch a dose rate of '1.58 kGy
per h. was a pplied. All the samples were placed in closed
polyethylene capsules.

~a
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Small-a ngle X-ray Scattering

Dense water suspensions of th e sam ples were investigated using a Siemens D-500 Diffractomete r with a smallangle camera of Kompakt Kratky type (productio n of A.
Paar, Austria), K 800 generator and scintillation co unter
with single channel a nalyzer. The CuKa (N i filtered rad iation l = 0.154178 nm) was employed with a tube vo ltage 50
kY and a tube current 25 rnA. The widths ofinputandoutput
sltts were 150,um and 300/(m, respectively. The suspensions
were put into cuvettes under Mylar film. The measureme nts
were ca rried out in the range 28 from 0.357 to 6.46 degree
(d values from 24.7 to 1. 368 nm) with a step ll.20 = 0.057
and counti ng ti me of 40 s.
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Fig. 2. Scattering curves recorded in the full measuring
range for : flaked oats (FO) , ground flaked oats (GFO), and
potato powder (Pl). The background levels of the curves recorded for samples FO and P 1 are shifted relative to the
background level of the curve recorded for sample GFO.

The measuring range consisted of th e small-angle region followed by begi.ning of the wide-angle region.
The sca ttering curves obtained for co mmercial whea t
flour, rye flo ur and potato flour are presented in Fig. 1 in
comparison with the scattering curve of the sa mpl e of pure
potato starch Sl. Fig. 2 shows the scattering curves of fl aked
oa ts, ground flaked oats and potato powder Pl .
The diffractograrn of commercial potato fl our was similar t? the dif~ractogram of pure starch (Fig. 1; PF). Two
reflectio ns, denved from starch, corresponding to the inte rplanar distances d 10 nrn (in the small-angle range) and d
='!: 1.6 om (t he fir~ tstarch refle~tion in the wide-angle range),
were recorded m the scattenng curve. The intens ities of
these reflections were similar to those recorded in th e case

of starch sample Sl. Both these reflections were also recorded in the case of potato powder (Fig. 2; P1 ) but at very weak
intensities. In the cases of wheat flour and rye flo ur (Fig. 1;
WF, RF) weak intensity reflections were observed in the
small-angle range, particularly in the range of the first retlection derived from starch (corresponding to the interplanar distanced 10 nm in the case of potato starch).
No signifi cant reflections were observed in the scattering curves of commercial and ground fl aked oats (Fig2; FO,
GFO). However in the case of commercia l !laked oats a
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Fig. 3. Comparison of the scattering curves recorded in the range 28 to 3.3 degree (d value to 2.68 nm) for the initial sample
Sl (curve I) and the product obtained after grinding of sample Sl in a mortar for 15 minutes (curve 2).
~ig ..4. Co~parison of the scattering curves recorded in the range 28 to 1.7 degree (d value to 5.2 nm) for unirradiated and
madtated wtth 30 kGy dose: potato flour (PF), white flour (WF), and rye flour (RF). The curves are assigned as I for the cases
of umrradmtcd samples and as 2 for the cases of irradiated products. The curves drawn for potato and wheat flour are shifted
relative to the curves of rye flour.

Fig. 5. Comparison of the scattering curves recorded in the range of 2() to 1.7 degree (d value to 5.2 nm) for unirradiated to
those recorded for irra~iat~ with 30 kGy dose, respectively: flaked oats, ground flaked oats (FO, GPO; the curves are assigned
as l for the cases of umrrad1ated samples and as 2 for the cases of irradiated products) as well as of the scattering curves recorded
for potato powder, prepared from unirradiated potatoes (PI) and from potatoes irradiated with 20 kGy dose (P2). The curves
drawn for flaked oats and ground flaked oats are shifted relative to the curves of potato powder.
observed on the scattering curves of the unirradiated tlour
(potato, rye, wheat flour), the intensity of this reflection was
lower in the case of irradiated product. In the cases of flaked
oats (commercial and ground) weak inflections in this region
were seen in the scattering curves of irradiated products,
when compared with those of appropriate unirradiated samples. The reflection corresponding to the interplanar distance d
1.6 nrn was - as in the diffractograms of initial
samples- weak or not visible (except for potato flour). As in
the case of the unirradiated samples, no other reflections
besides those derived from starch were detected in the
scattering curves.
. Fig~. 4 and 5 show comparison of the scattering curves
for 1rradmted products and appropriate reference (unirradiated) samples in the range of the first starch reflection.
The products obtained by heating at 100°C (without
melting) for 70 h. of initial and irradiated (20 kGy dose)
starch sample Sl were investigated applying SAXS. The
results were compared with those obtained for unheated
samples.
Reflections, corresponding to distances d 10 nm and
d 1.6 nm were still observed in diffractograrnrns of heated
sa~ples. However, compared with diffractograms of appropnate unheated samples, both reflections were less intensive and the scattering curves were elevated in the range of

small intlection on the scattering curve in the region of the
first reflection of starch was visible when compared with the
scattering curve of ground flaked oats.
No other reflections besides those corresponding to
the reflections of starch could be identified in the scattering
curves in any case.
To determine how grinding influences the course of the
scattering curves of starch - the main component of each
cereal product- in the small-angle range, the product obtained after grinding of sample Sl in a mortar for 15 min was
examined by SAXS method. For the ground sample the
intensity of the reflection corresponding to the distance d
=10 nm is lower than in the case of initial sample S1 (Fig.
3). Differences between the intensities of the reflection
corresponding to distance d 1.6 nm were not observed.
Scattering curves were recorded of gamma-irradiated
(30 kGy dose) potato flour, wheat tlour, rye tlour, flaked
oats, ground flaked oats as well as potato powder P2 prepared from potatoes gamma irradiated applying a 20 kGy dose.
In all cases the scattering curves of irradiated products were
elevated in the small-angle range (the region of occurrence
of the reflection corrresponding to d 10 nm), as compared
with the scattering curves of on irradiated samples. When the
reflection corresponding to the distance 10 nm was clearly
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the first reflection.
Th e scattering curves of the products obtained after

'"~

heating at 100°C of unirradiated and irradia ted samples
revealed simil ar differences as noted in the scattering curves
recorded for co rresponding unheated sa mpl es (lower intensity of the re tlection corresponding to the distanced
10
nm a nd e leva tio n ofscatte ringcurve in this range, in the case
of irradiated sample).
Fig. 6 prese nts the sca tteri ng curves for starch sample
Sl before and after irradiation (20 kG y dose) after heatin g
at 100°C, in co mparison with the scattering cu rves of initial
sample Sl and irradiated (20 kGy dose) product.
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Only reflections derived from starch, corresponding to
d :! 10 nm (small-angle reflection, connected with longrange ordering in sta rch granules) and d 1.6 nm (the first
reflection in the wide-angle region, connected with short
range ordering) were distinguished in diffractagrams of control and irrad iated cereal and potato products.
Differen t scattering curves were obtained for particula r un irradiated products. The intens ities of the reflections
were smaller (exce pt for com mercial potato flour) than
recorded for a reference sample of potatO starch. In the case
of flaked oa ts the reflection corresponding to d = ·10 nm)
was not visib le at all. This reflecti on is suggested to be
relat ed to th e ordered distribution of amylose a nd amylopectyn macromolecules in sta rch granules [1}. The reflection
related to short-range ordering of starch (d
1.6 nm) was
recorded on ly for potato flour and- though with very s1nall
intensity - potato powder. This is in accordance with lite rature data [8]. Four types of starch are distinguished on tilt!
basis of wide-angle diffractograms. The appearence of the
first reflection in this range is considered as specific for
starch of the 8-type (distance of 1.6 nm corresponds to the
a parameter of orthorombic unit cell [9]). Only po tato
starch among those investigated- belongs to this type, while
wheat, rye and oat starch belong to the A type.
The weak intensity of small angle reflection ( d =: I0
nm) of sta rch in the case of cereal products, in compa rison
to the reference sa mple of potato starch, arises because
starch is o nly one - though predominant - of thei r components. However a variability in intensity, shape and the ang le
position of these reflections depends o n the variability in th e
starch structure (macromolecular ordering in starch granules). It can vary for different kinds of starch derived from
different varietes of cereals and depends on their ripeness.
In fact, such ordering is practically not visib le in th e case of
our comm ercial flaked oats. Moreover, our investigations
carried o ut on control a nd ground samples, have revealed,
that grinding (into flour) diminished the long range ordering
in starch grains, probably because of cracking on the microfib rils' interfaces. Therefore, in the case of pure potato
starch, the smaller intensity of the reflection correspondi ng
to d :! 10 nrn and elevated scattering curve were recorded
for ground rather than the initial sample. Even in the case
of flaked oats, for which the small-angle reflection was not
detected, the scattering cuiVe appears flatte r in the case of
the ground than in the case of initial sample in the ra nge of
this reflection.
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Fig. 6. Comparison of the scattering curves in the ranges of
occurrence of both starch reflections recorded for the initial
starch sample S1 (curve 1) and for th e products obtained after irradiation of the sample S I with 20 kGy dose (curve 2)
and after heating of the samp le S 1 at 100 'C for 70 hours
(curve 3) as well as after irradiation with 20 kGy dose and
afterwards heating at 100°C for 70 hours (curve 4). ln the
range of the second reflection, the curves I and 2 arc shifted
relative to the curves 2 and 3.
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Similarily, grinding causes the diminution of short-range ordering (amorphization of crysta llin e starch p)).
Weak intensities of both starch reflections in the case
of the sample P1 of potato powder can add itiona lly be
exp lained by the lo ng period of sample drying (5 days); it
arises from our previous examinations [2] that the long-range as well as short-range o rdering in starc h granules are
influenced by prolonged water trea tment.
In the case of irradiated products, in comparison with
unirradiated ones, cha nges were observed in ditfractograms,
sugges ting an alteration of mac romolecu lar ordering in
starch granules occurring under gamma- irradiation. In the
cases of potato, wheat and rye fl our the di minution of this
o rd ering can be concluded. Simi larily, the smaller intensity
of the reflection corresponding to d
10 nrn and elevated
scattering curve in this range were recorded previously in
the case of irradiated potato starc h sample, when compared
with scattering curve of unirradiated sample [2, 4). It was
concluded [2] that starch degradation during gamma-irradiation results in destruction of o rdered distribution of amylopectyn and amylose macromo lecu les. In the case of flaked
oats, both commercial and ground, a little different phenomenon was observed. Simultaneously as in the cases of pure
potato starch, the scattering curves of irradia ted samples

=
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were elevated compared with those of appropriate unirradiated samples. But, in contrast with starch, weak refl ections
appeared in the range of the fi rst starch reflection only in
the cases of irradiated products. This suggests the appearence of polysaccharide ordering catalyzed by gamma-irradiation though the rearrangement of other molecules is not
unlikely. In fact, it can be expected tha t the rearra ngement
of oth er molecules (i. e. proteins, lipids), occurring under
gamma-irradiation in cereal and potato products, cannot be
detected under the present conditions by SAXS. In the cases
of diffractograms of unirradiated as well as of irradiated
potato, rye, wheat flour an d potato powder no additional
reflections, con nected with ordered distribution of these
molecu les, were distinguished, though the course of scattering curves depends on their presence in the samples.
No correlation between gamma-irradiation being applied and intensity of the reflection of potato starch corresponding to the interplanar distan ced:::::: 1.6 nm was found
previously in the cases of pure starch samples [4], nor was
it found here for potato flour and potato powder.
The starch granules still preserved an ordered structure at temperatures as high as 100°C (below melting point)
even after 70 h. However, a diminution of long-range ordering, as compared to the unh eated samples, is revealed on
the basis of SAXS results (diminution of intensity of the
reflection corresponding to d 10 nm and elevation of th e
scattering curve in the range of this reflecti on). After heating up to 1.00°C si milar differer.ces between long range
ordering in irradiated and unirradiated starch could be seen
as in the case of unheated samples.
Therefore, it ca n be predicted- on the basis of compariso n of the results obtaind for heated irradiated and unirradiated starch with those ob tained for irradiated and
unirradiated cereal and potato products- that the scattering
curves in the small-angle range will be e levated and th e
reflection corresponding to d 10 nm will be less intense
also In the cases of cereal and potato products, irradiated
and then heated at temperatures to 100 °C than in the case
of unirradiated sample heated under th e same con ditions.
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Discussion with Reviewers
Conclusjons

P. Colonna: Is SAXS the most pertinent method for
detecting changes?
Authors: Development of the methods of irradiated foodstuffs detection is a continuing current problem. The most
elaborate present methods are based on free radical detection
(electron spin resonance, thermoluminescence, chemiluminescence), chemical changes (gas chromatography) and electrical
measurements [10]. Other physico-chemical methods (i.e. ,
liquid chromatography , viscosimetry, thermal analysis,
infrared spectroscopy) as well as biological methods are also
being developed. The aim of our paper is to detect structural
changes brought about under gamma-irradiation and to recognize the possibility to adopt the SAXS method to study them.

Differences between flours, obtained from different
varieties of ce reals and of potatoes, as well as between
unirradlated flour and irradiated product can be detected
applying small-angle X-ray scattering. Reflectio ns rela ted to
ordered distribution of starch macromolecules can be distinguished in diffractograms, corres ponding to d : : : 10 nm
(connected with long-range ordering; in the cases of potato,
wheat, rye tlour) and d '='=' 1.6 nm (co nnected with short range
ordering; in the cases of po tato flour and potato powder).
Starch rearrangement occurring under gamma-irradiation
in flour can be detected under conditions applied in thi s
work. Differences between long range orderi ng in initial and
in irradiated starch can be found even after hea ting the
sam ples at temperature as high as 100°C.
Heating (without melti ng), as well as grinding, leading
to fl our production, caused diminution of the long-range
ordering in starch granules. H owever, eve n after heating for
70 h. at 100°C the long range ordering in starch granules is
partially preserved. Grinding ca uses visible destruction of
the short-range ordering in a very short period.of time.
Detection of gamma-irradiation of flour by the SAXS
method requires a reference sample of unirradiated flour,
as was stated before for pure starch [4].

P. Thomas: What was the purpose of irradiating potato
tubers to a dose of 20 kGy? For sprout inhibition, the dose
needed and permitted is in the range of 0.075 to 0.15 kGy.
Under no circumstances can fresh potato tubers be exposed
to the very high dose of 20 kGy used in this study. The
tubers will show severe radiation injury at this dose level.
Authors: High doses of gamma-irradiation of flours and
potato tubers were applied for the purpose of enhancing the
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irradiation effects. Similarly, to enhance the heating effects,
a long period of heating (70 hours) at relatively high temperature (IOO•q was carried out.
P. Thomas: What was the objective of irradiating flour to
a dose of 30 kGy? In these products, irradiation is normally
used for insect disinfestation for which purpose the maximum
recom mended is I kGy. However , if the purpose is rad iation
sterilization and improvement of quality for use as food or
modification of starch for industrial materials, then a dose of
30 kGy is justified. Please clarify .
Authors: This study was performed with regard to elucidating phenomena occurring during radiation sterilization. Indeed, doses permitted for flour and potato products are lower
than applied in this work. However, our results are also interesting from the· point of view of irradiation processes
which can be applied fo r modification of cereal products.
Feedstuff modification by gamma-irradiation have been recently performed. We expect gamma irradiation to be a possible step in production of amylose or high amylose starch
(additives for some kinds of instant products, i.e., legumes,
puddings, creams) as well as during production of high quality foodstuffs with assimilable starch, ready for consumption
without or after very short boiling (i.e. , instant flours, instant
porridge, breakfast cereals, ch ips, snacks, etc.).
P. Colonna: Two orderings at 10 and 1.6 nm are observed.
What is the minimal starch concentration necessary to observe these two reflections and what is the influence of
gamma irradiation intensity on changes?
Aut hors: Answers to questions, such as minimal starch concentration necessary to observe long-range ordering and short
range ordering and the influence of gamma-irradiation conditions on the destruction of this ordering, must await future
studies.
10. IAEA (1991) Analytical detection methods for
irradiated foods. A review of current literature. IAEATECDOC-587. International Atomic Energy Agency , Vienna,
Austria.
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